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Abstract: With the aim of acquiring better comprehension of the ecological and productive aspects
of the management of pine forests, we monitored logging damage and evaluated the effects of
thinning on stand growth 20 years after the treatment in a Pinus laricio Poiret stand in central Italy.
The objectives of the present study were to estimate the injury levels to the remaining trees after
thinning; to assess logging damage in the long-term by monitoring residual trees at the end of
thinning; to evaluate the effect of damage on the radial growth of trees; to assess the stand dynamics
in relation to injury levels and the treatment applied in a twenty-year range; to understand a possible
treatment return time; and to evaluate the existence of the “thinning shock”. The results were that
20 years after treatment, the stand dynamics showed a complete recovery; logging damage did not
affect the radial growth of P. laricio over time; a second treatment seem to be sustainable starting from
the fifteenth year after the previous treatment; and the thinning shock can be clearly evaluated in the
first six to seven years after the treatment.
Keywords: stand growing; thinning shock; forest logging; tree wounds; tree ring width
1. Introduction
The functionality and resilience of forest ecosystems are strictly related to forest structure [1–3],
which represents the distribution of biomass, i.e., the vertical and horizontal spatial arrangement of
plant species, tree sizes, age distribution, and tree canopy layering. Stand structure attributes are
increasingly recognized to be of theoretical and practical importance in analyzing the management
quality in forest ecosystems. In general, the characteristics of forest cover are closely related to stand
density, stand age, and species composition and are altered by natural disturbances or anthropogenic
interference such as forest management practices. Among the various forest management practices,
the thinning or removal of some trees from the forest is widely conducted to produce more valuable
and large-diameter timber. It reduces competition among the remaining trees, reduces the risk of
fire [4], and helps to maintain a healthy forest [5].
Considering that in the last fifty years, Mediterranean forests have experienced a rapid expansion
of pioneer conifer stands driven by natural colonization after land abandonment in SE France [6] or
afforestation efforts in SE Spain [7] and in Italy [8], forest fires and pest outbreaks are predicted to
increase in the future, also due to the impact of climate changes on drought and extreme weather
events [9,10]. As already mentioned, the appropriate silvicultural treatments play a key role in
increasing the resistance and resilience of Mediterranean forests to environmental perturbations [11,12].
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Structural changes in the forest canopy due to thinning alter the microclimatic conditions within the
forest [13–17]. These microclimatic changes could improve the growth conditions for the remaining trees
and understory species [13,18]. However, a short- and medium-term decline in the growth of remaining
trees, called “thinning shock,” has also been reported for some forest stands and species [19–21].
Furthermore, the positive changes due to thinning could be offset by high vulnerability to
insect damage and mortality, which might be caused by trunk or root damage during the thinning
procedure [22,23]. For these reasons, the methodologies of felling, processing, and extraction need to
be planned on a larger scale; they cannot be sporadic events, not connected to the social, environmental,
and economic contexts. The forest operations have to be planned during the implementation and
execution of the working phases [24].
Research on the damage caused by forest operations to the remaining trees and/or to regeneration
in forest stands started at the beginning of the twentieth century and is more important as the use of
mechanized wood harvesting has been increasing [21,25,26]. Logging injury to the remaining trees
may lead to serious economic losses in terms of timber quality at the final harvest, wood losses in
the damaged trees, and tree growth reduction [27]. Long term effects may significantly reduce the
benefits of commercial thinning [21,25]. Other forest ecosystem services, e.g., carbon sequestration,
soil protection, and water control, may also be affected.
The effect on tree growth of logging mechanical damage to the stems remains unclear, although
some authors have conducted detailed studies [21,28]. Moreover, for Mediterranean pine plantations,
there are some knowledge gaps regarding the late first thinning effect on tree growth. Studies on this
topic are still limited and the long-term effects of damage are not well known [29].
Analysis of the annual growth rings can be used as an “environmental archive” [30,31] and as an
indicator of growth changes showing the effect of silvicultural treatments.
With the aim of acquiring a better comprehension of some ecological and productive aspects
of the management of pine forests, logging damage was monitored and the effects of thinning on
stand growth 20 years after the treatment were evaluated in a Pinus laricio Poiret stand in central Italy.
Specifically, the aims of this study were an extension of previous work [21] developed ten years ago,
with the following objectives: (1) to estimate the injury levels to the remaining trees after thinning;
(2) to assess logging damage in the long-term by monitoring residual trees at the end of thinning;
and (3) to evaluate the effect of damage on the radial growth of trees. In the present study, further
investigations were carried out on the same stand in order to assess the stand dynamics in relation
to the injury levels and the treatment applied in a twenty-year range. This continuing research was
aimed at assessing the effect of damage on the radial growth of trees; at understanding a possible
treatment return time; and evaluating the existence of “thinning shock”.
Understanding all of these aspects is a key factor in the ecological management of Corsican pine
forests located in the Mediterranean area and is an important factor in supporting the decision making
of forest managers.
2. Materials and Methods
2.1. Area Description
The study was carried out in a forest located in Grottone (Viterbo—Central Italy-42◦23′35.58′′ N,
12◦10′25.52′′ E 720 m a.s.l.). The stand was an even-age, P. laricio (Corsican pine) forest, thinned in 1998.
This forest originated from a plantation established in the 1970s on a mostly flat terrain (maximum
slope gradient 10%). Seedlings were two to five years old at planting time and the plantation scheme
was rectangular (2 m × 2.5 m), with a density of about 2000 trees/ha.
The climate of the area is moist temperate, with a mean annual precipitation of 1180 mm, mean
annual temperature of 12.8 ◦C, and mean summer precipitation of 55 mm; the driest month is July
(30 mm), the temperature of the warmest month is 22.0 ◦C, and the temperature of the coldest month
is 4.2 ◦C. Data were the averages over the period 1916–2010 at the San Martino al Cimino weather
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station (510 m a.s.l., less than 5 km from the study area). The soil, formed on a volcanic parent material,
is sandy loam, slightly acid, and showed a well-structured, humus-rich A horizon.
As described in a previous paper [21], the silvicultural treatment used was selective thinning
from below, carried out in the spring of 1998 on about 32 ha. For research purposes, an adjacent control
area of about 6 ha was not treated. Logging operations were carried out with a semi-mechanized
logging system, felling and processing by a chainsaw, and bunching and extraction by skidding with
a tracked agricultural tractor (crawler). The skidding performed was inter-row and only one of two
inter-rows was used as a skid trail. Reference [21] described the detailed working cycle: felling of two
or more trees; bunching by the tractor (average distance 33 m); partial delimbing (on about 3/4 of the
tree circumference); topping; and skidding to the landing (average distance was about 73 m; average
load for skidding trip was 0.87 t, for an average skidding speed of about 1.4 km/h).
2.2. Data Collection
Data collection was carried out for the first time in 1998 through a design-based approach,
a statistical approach that establishes the choosing methods and using of the sites, allowing possible
pseudoreplication problems to be overcome [32]. The subsequent data records were made before and
after thinning, in 2008 and in 2017, in 25 circular plots of 1256 m2 (dendrometric plots DP) in the treated
area (total surface 31,400 m2) and in five DPs in the control area (total surface 6280 m2). Plots were
randomly selected, at a >30 m distance from the edge of the treated and control areas. No thinning or
other important disturbance were carried out in the time between 1998 and 2017.
For the three temporal field analyses (1998–2008–2017), after the measurements of the main
dendrometric characteristics, the growing stock was estimated with a two-way table [33], developed
for Pinus laricio of Tuscany and the slenderness ratio (average value of H/DBH of each trees) was
calculated as an index of stand stability [34].
Tree damage was detected in four rectangular plots (10 m × 250 m wound plots WP). In 1998,
these WP and all damaged trees were numbered and marked. The field analysis repetitions were done
in 2008 and 2017. The following parameters were recorded: DBH of all the trees; crown class of all
the trees; type of damaged tissues; cause of damage; location of wounds, in meters above ground
level; and size of wounds, by measuring maximum length and width by a ruler (1 mm accuracy) and
calculating the ellipse surface area. Type and size of damage were used as the classifications in two
damage classes, i.e., severe (wood wound >200 cm2 size) and light (bark/bast wound <200 cm2 size),
according to [21,35]. Trees damaged in several parts were classified on the basis of the most severe
damage. The agent of damage (felling, skidding) was classified in 1998.
In May–July 2008 and 2017, stem core samples were collected at breast height on the north side
of two trees per DP in each of the seven 5-cm diameter classes (from 15 to 50 cm) by using a Pressler
increment borer. In the thinned area, stem core samples were collected from one damaged and one
undamaged tree in each DP. Ring width was measured by using Aniol Dendroware, with an accuracy
of 0.01 mm. In order to check the differences in growth among the damaged, undamaged, and control
trees, different numbers of rings were considered: all rings before thinning (BT); ten rings before
thinning (TBT); post thinning 2008 (ten rings TPT1); and post thinning 2017 (twenty rings TPT2).
In order to evaluate the differences at the stand level, the yearly weighted ring width (YWW) was
calculated as a mean of yearly ring width weighted on the basis of the frequency distribution of trees
per diameter class in 2008 and in 2017.
2.3. Statistical Analysis
Statistical analyses were carried out using the Statistica 7.1 (2007) software (StatSoft Inc., Tulsa, OK,
USA). After checking for normality (Kolmogorov-Smirnov test) and homogeneity of variance (Levene
test), the t-test was applied to all dendrometric parameters. Two-way ANOVA was applied to DBH and
the number of trees to test the effect of year and the factors “damaged and undamaged”, “severity”,
or “agent”. The post-hoc Tukey-HSD test was used to compare the significance of differences among
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the means. Factorial ANOVA was applied to the ring width to test the effect of the number of rings
(BT, TBT, TPT1, TPT2), diameter class, and the thinning and damage effect (trees in control area,
undamaged, and damaged trees in thinned area). The post-hoc Tukey HSD test per unequal N was
used to compare the significance of differences among the means. The Kruskal–Wallis non-parametric
multiple-comparison test was used to test the effect of the factor “position” on DBH and the number
of damaged trees in every year (1998 and 2008).
In order to determine the relationship between DBH, damage agent (felling, skidding), position
(roots or stem at different levels above ground), and severity (light, severe), a nonparametric correlation
analysis (Spearman correlation matrix) was applied. Nonlinear regression analysis between ring width
(dependent variable) and year (independent variable), for damaged (TD) and undamaged (TU) trees
and the trees from the control area (C), was applied. The Wilcoxon non-parametric test was used to
test the differences in YWW before and after thinning between the control and damaged; control and
undamaged; and damaged and undamaged trees. Non-metric multidimensional scaling (NMDS) was
used to show the differences in the average ring width per diameter class for the trees in the control
area (C), for damaged trees (TD), and for undamaged trees (TU) in the thinned area.
3. Results
As reported in the previous step of this research by [21], about 20% of the volume, 38% of trees,
and 26% of the basal area were removed by the treatment; the basal area before thinning was in fact
56.5 m2 ha−1, and after thinning, it was 41.9 m2 ha−1. Regarding the dendrometric situation before the
treatment, no statistically significant difference was recorded between the thinned areas and control
(Table 1). The treatment effect in the year of the thinning (1998) led to some significant changes in
most of the dendrometric parameters. DBH and tree height were significantly increased (Table 1).
Tree density, basal area, growing stock, and slenderness ratio were significantly decreased (Table 1).
In detail, the changes due to the thinning and their development during the last two decades are
shown in Table 1. The number of trees recorded in 1998 decreased in the thinned area by about 23%
and 26% in 2008 and 2017, respectively. In the control area, the reduction was 13% in 2008 and 14% in
2017. The reduction in the number of trees was mainly due to trees that were uprooted or broken off
by wind or snow. The tree reduction recorded in about twenty years in the thinned area was mainly
due to the death of undamaged (84.8% of dead trees) rather than damaged trees (15.2%). The DBH
increase recorded in 2017 was about +54% higher than that in 1998 after thinning, thus maintaining the
positive trend shown in 2008. The decrease of basal area recorded in the thinned area in 1998 and 2008
(26% and 1%, respectively), changed trend completely in 2017, showing an increase of 28.5%, similar to
that recorded for the control area (31.9%), although the highest value was in the thinned area (Table 1).
The average tree height and growing stock showed an important increase. Tree height showed no
statistical difference between the thinned and control areas in 2017; growing stock increased similarly
to that of the control area over time, showing a lower statistical difference. The slenderness ratio
in 2017 significantly decreased (15%) (Table 1) in the thinned area, while it increased in the control
area (2%) relative to 1998 (Table 1).
From 1998 to 2017, 270 trees died in the WPs (wound plots) (Table 2), i.e., a further 50 trees in
comparison with 2008. The dead trees consisted of 230 undamaged trees (26.2% of the total undamaged
trees) and 40 damaged trees (29% of the total damaged trees).
Immediately after thinning, 13.6% of the standing trees showed damage (Table 2) and 36.2% of
the damaged trees showed severe injuries (Table 3). As found ten years after thinning, no wound was
completely healed in 2017. In 2017, the percentage of damaged trees was about 17.9%, and out of this,
87.2% showed severe wounds (Table 3). These results were partially concordant with the data of 2008
(17.0% of damaged trees and 86.7% with severe wounds).
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Table 1. Dendrometric parameters before and after thinning (1998; 2008; 2017) (mean ± SD).
Dendrometric Parameters
Before Thinning 1998 After Thinning Control Area
Control Thinned A 1998 B 2008 C 2017 D E 2017 F
Growth rings at breast height (N.) 22 ± 1.7 22 ± 1.9 ns 22 ± 1.9 ns 32 ± 2.3 *** 40 ± 0.5 *** ** 40 ± 0.6 ns
Trees (N. ha−1) 1585 ± 7.5 1600 ± 11.3 ns 988 ± 12.9 *** 764 ± 19.6 *** 726 ± 10.2 ** * 1368 ± 15.7 ***
DBH a (cm) 20.8 ± 0.6 21.2 ± 0.9 ns 23.2 ± 1.1 ** 30.5 ± 1.8 ** 35.7 ± 0.8 *** * 25.7 ± 0.9 **
Basal area (m2 ha−1) 53.9 ± 1.1 56.5 ± 0.9 ns 41.9 ± 2.1 ** 55.8 ± 3.6 ** 72.6 ± 4.1 *** ** 71.1 ± 10.2 *
Tree height (m) 14.1 ± 0.7 14.4 ± 1.2 ns 15.0 ± 0.7 * 20.6 ± 1.3 ** 24.4 ± 1.1 *** ** 24.3 ± 0.6 ns
Growing stock (m3 ha−1) 395 ± 10.5 410 ± 8.2 ns 329 ± 5.4 * 610 ± 6.1 ** 827 ± 4.1 *** ** 797 ± 6.5 *
Slenderness ratio b 87 ± 1.6 86 ± 0.9 ns 83 ± 1.8 * 78 ± 0.7 ** 73 ± 0.9 ** * 89 ± 2.6 ***
t-test applied to: A, thinned (25 DP) vs. control areas (5 DP) in 1998; B, thinned areas before (25 DP) and after thinning (25 DP) in 1998; C, thinned areas in 1998 (25 DP) and 2008 (25 DP);
D, thinned areas (25 DP) and 2017 (25 DP); E, thinned areas in 2008 (25 DP) and 2017 (25 DP); F, thinned (25 DP) and control (5 DP) areas in 2017. a calculated by means of the average value
of the basal area of each tree; b average value of H/DBH of each tree. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; ns = not significant.
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The DBH of the damaged trees was significantly higher in 1998 than the DBH of undamaged
trees, but for this parameter in 2017, no statistical difference was found (Table 2).
Table 2. Damage to trees and diameter at breast height (±SD) after thinning in 1998, 2008, and 2017.
Tree Condition Year DBH (cm) Trees (N. ha−1) Dead Trees (N. ha−1)
Undamaged 1998 20.8 a ± 0.1 877 a ± 30
Damaged 1998 22.1 b ± 0.5 138 b ± 7
Undamaged 2008 30.9 c ± 0.2 660 c ± 20 182 ± 50.4
Damaged 2008 29.8 c ± 0.6 135 b ± 19 38 ± 8.3
Undamaged 2017 35.7 d ± 0.3 612 c ± 12 230 ± 25.1
Damaged 2017 34.9 d ± 0.9 133 b ± 11 40 ± 6.1
ANOVA p-value
Damage 0.902 <0.001
Year <0.001 <0.001
Damage × Year <0.01 <0.05
Different letters show significant differences among values in a column (Tukey test, N = 4 wound plots).
The DBH of trees with severe or light damage did not show statistical differences (Table 3).
Some logging damage developed over time, and therefore delayed damage due to undetectable
injuries was only recognized sometime after the thinning. However, the disclosure of “hidden” wounds,
due to impacts, as shown in Table 3, is closely linked to the first ten years after the damaging event.
Significant differences were recorded by [25] in the number of damaged trees in relation to the
damage agent (Table 4). In particular, damage to standing trees was mainly caused by skidding and
bunching (81.2% of damaged trees); about 14.5% of trees were damaged by felling and only 4.3%
showed injuries due to both felling and bunching/skidding. The damage agent had no significant
incidence on tree death from 1998 to 2017; as shown in Table 4, the death rate of 25% was similar
between the felling and skidding damage agents, and only multiple damage was strictly related to tree
death (100%). Tree mortality was greater in the first 10 years of the survey and then decreased.
Table 3. Damage severity in trees and diameter at breast height (±SD) after thinning in 1998, 2008,
and 2017.
Damage Severity Year DBH (cm) Trees (N. ha−1) Dead Trees (N. ha−1) Variation 1998–2017 (N. ha−1)
Light damage 1998 22.0 a ± 0.6 88 a ± 13
Severe damage 1998 22.0 a ± 0.5 50 b ± 8
Light damage 2008 30.7 b ± 1.1 18 c ± 11 28 ± 8.6 −42 ± 5.1
Severe damage 2008 29.7 b ± 0.5 117 d ± 11 10 ± 2.3 +77 ± 4.8
Light damage 2017 36.1 c ± 1.4 17 c ± 11 29 ± 8.4 −42 ± 5.1
Severe damage 2017 35.1 c ± 0.6 116 d ± 11 11 ± 1.6 +77 ± 4.8
ANOVA p-value
Severity 0.122 <0.001
Year <0.001 0.420
Severity × Year 0.081 <0.001
Different letters show significant differences among values in a column (Tukey test, N = 4 wound plots).
At the time of thinning (Table 5), about 40.6% of the damage was located at the stem base, 39.1%
between 0.3 m a.g.l. and 1 m a.g.l. (above ground level), and 10.9% at more than 1 m a.g.l. Only 2.9%
of trees showed recognizable root damage and 6.5% showed damage in several parts. In 2017, all trees
with damage to roots or several parts died, 56.4% showed damage at the stem base, 36.1% between
0.3 m a.g.l. and 1 m a.g.l., and only 7.5% showed damage at more than 1 m a.g.l. Damage usually
occur right after the treatment, but sometimes developed over time. In this study, 35 trees classified as
undamaged in 1998 showed severe damage in 2008. The other 42 trees classified as lightly damaged in
1998 showed severe wounds in 2008. These variations may be explained by a late damage effect, i.e.,
some trees were hit during logging but did not show clear and recognizable damage in 1998.
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Table 4. Damage agent in trees and diameter at breast height (±SD) after thinning in 1998 and dead
trees in 2017.
Damage Agent Year DBH (cm) Trees (N. ha−1) Dead Trees in Year 2017 (N. ha−1)
Felling 1998 21.2 ± 1.3 20 b ± 11 5 ± 2.3
Skidding 1998 22.1 ± 0.6 112 a ± 9 28 ± 3.1
Both 1998 21.8 ± 4.2 6 c ± 2 7 ± 1.1
ANOVA p-value
Agent 0.389 <0.001
Different letters show significant differences among values in a column (Tukey test, N = 4 wound plots).
Table 5. Damage position in trees and DBH (±SD) after thinning in 1998, 2008, and 2017.
Damage Position Year DBH (cm) Trees (N. ha−1) Dead Trees (N. ha−1)
Roots 1998 23.8 ± 5.4 4 a ± 3
Stem base 1998 22.2 ± 0.3 56 b ± 11
0.3–1 m a.g.l. 1998 21.6 ± 0.6 54 b ± 35
>1 m a.g.l. 1998 21.0 ± 1.0 15 c ± 11
Several parts 1998 21.6 ± 4.2 9 c ± 5
Kruskal-Wallis p a 0.366 df(4, N. = 17) 0.018 df(4, N. = 17)
Roots 2008 n.a. 0 4 ± 3.3
Stem base 2008 30.1 ± 0.3 77 a ± 23 0
0.3–1 m a.g.l. 2008 29.6 ± 1.5 48 a,b ± 23 11 ± 3.8
>1 m a.g.l. 2008 29.9 ± 1.9 10 b ± 5 14 ± 5.2
Several parts 2008 n.a. 0 9 ± 2.0
Kruskal-Wallis p 0.874 H(2, N. = 12) 0.014 H(2, N. = 12)
Roots 2017 n.a. 0 4 ± 3.3
Stem base 2017 35.4 ± 0.6 75 a ± 15 2 ± 1.2
0.3–1 m a.g.l. 2017 36.1 ± 0.5 48 b ± 12 11 ± 3.8
>1 m a.g.l. 2017 35.9 ± 0.9 10 c ± 3 14 ± 5.2
Several parts 2017 n.a. 0 9 ± 2.0
Kruskal-Wallis p 0.771 df(2, N. = 12) 0.021 df(2, N. = 12)
a Damage to roots and several positions was only found in two and three plots, respectively, in 1998. Different
letters show significant differences among positions according to the K–W test. Data were recorded in each of the
four wound plots. n.a., not available because the trees with damage to either roots or several positions were dead.
Some statistically significant correlations were found in 1998 (agent vs. severity, position vs.
severity and agent) and in 2017 (severity vs DBH), but all were characterized by a low value of R,
which was always less than 0.4 (Table 6).
The average ring width analysis showed a significant statistical difference among the different
periods (Table 7). Data showed that the mean ring width before thinning (BT) was the largest and the
mean ring width in the ten years after thinning (TPT1) was the smallest.
Significant differences in the average ring width were found per diameter class, as well as a
positive relation between the DBH classes and average ring width. No statistical differences in the
average ring width were found for the periods BT and 10 years before thinning (TBT), between trees of
the control area, damaged trees, and undamaged trees.
In contrast, significant statistical differences in the average ring width were found for the periods
TPT1 and TPT2 in the trees of the control area, with respect to the damaged and undamaged trees.
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Table 6. Correlation matrix among diameter at breast height, damage severity, agent, and position
(Spearmann R, p < 0.05 in bold) after thinning in 1998 (N. = 135), 2008 (N. = 138) and 2017 (N. = 140).
Severity, agent, and position were ranked as in Tables 3–5.
DBH Severity Agent
1998
Severity R = 0.042 -
Agent R = 0.120 R = −0.397 -
Position R = −0.160 R = 0.242 R = −0.220
2008 a
Severity R = −0.189 - -
Agent
Position R = −0.088 R = 0.035 -
2017 a
Severity R = −0.191 - -
Position R = −0.082 R = 0.023 -
a In 2008 and 2017, it was not possible to determine the agent of damage in trees that showed late damage. Thus,
results refer to severity and position only.
The trends of the yearly average ring width (YWW) for the control and damaged and undamaged
trees in the thinned area are shown in Figures 1 and 2. The YWW gradually decreased starting from
the 1980s, with a similar trend in the thinned (both damaged and undamaged) and control areas.
From 2005 to 2006, a clear change in the trend was shown, with differentiation in the control with
respect to undamaged and damaged trees. From 2006, the tree YWW of the control area stopped with
a negative trend (Table 8 and Figure 1) but showed a low value and without any major changes until
2017, as also demonstrated from the results of the regression analysis (Figure 2).
The damaged and undamaged trees showed a negative trend until 2004, at which point there was
then a change in the trend from 2005, as also demonstrated from the results of the regression analysis
(Table 8 and Figure 2).
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the basis of the frequency distribution of trees per each diameter class in 2017) from ‘70s to 2017.
Forests 2018, 9, 257 9 of 17
Table 7. Average ring width per diameter class in control area C (N. = 5 plots, 7 diameter classes, 2 stem core samples = 70) and damaged TD (N. = 25 plots, 7 diameter
classes, 1 stem core samples = 175) and undamaged trees TU (N. = 25 plots, 7 diameter classes, 1 stem core samples = 175) in thinned area over different time periods
(mean ± SD).
Time Periods Treatment
Ring Width (cm year−1) Per Diameter Class
15–20 20–25 25–30 30–35 35–40 40–45 45–50
BT
TU 0.241 ± 0.06 a 0.281 ± 0.05 d 0.377 ± 0.04 f 0.451 ± 0.04 g 0.482 ± 0.07 g 0.595 ± 0.09 h 0.628 ± 0.08 h,i
TD 0.255 ± 0.09 a 0.301 ± 0.02 d 0.352 ± 0.05 f 0.455 ± 0.05 g 0.507 ± 0.08 g 0.577 ± 0.09 h 0.651 ± 0.09 i
C 0.228 ± 0.04 a 0.284 ± 0.04 d 0.369 ± 0.06 f 0.437 ± 0.06 g 0.465 ± 0.08 g 0.505 ± 0.10 g 0.608 ± 0.10 h
TBT
TU 0.198 ± 0.02 b 0.222 ± 0.03 a 0.302 ± 0.02 d 0.364 ± 0.02 f 0.455 ± 0.05 g 0.505 ± 0.08 g 0.514 ± 0.08 g
TD 0.192 ± 0.05 b 0.251 ± 0.06 a 0.305 ± 0.05 d 0.384 ± 0.04 f 0.465 ± 0.02 g 0.511 ± 0.08 g 0.525 ± 0.08 g
C 0.201 ± 0.08 b 0.212 ± 0.08 a 0.283 ± 0.09 d 0.314 ± 0.08 d 0.386 ± 0.11 f 0.475 ± 0.10 g 0.490 ± 0.12 g
TPT1
TU 0.141 ± 0.09 c 0.168 ± 0.08 c 0.211 ± 0.09 a 0.225 ± 0.03 a 0.278 ± 0.05 d 0.315 ± 0.06 d 0.335 ± 0.05 d
TD 0.150 ± 0.04 c 0.151 ± 0.07 c 0.205 ± 0.07 a,b 0.214 ± 0.05 a 0.280 ± 0.03 d 0.327 ± 0.07 d,f 0.348 ± 0.07 d,f
C 0.128 ± 0.10 c 0.140 ± 0.07 c 0.175 ± 0.07 c 0.195 ± 0.09 b 0.252 ± 0.07 a 0.291 ± 0.09 d 0.318 ± 0.10 d
TPT2
TU 0.132 ± 0.10 c 0.156 ± 0.09 c 0.210 ± 0.11 a 0.238 ± 0.09 a 0.298 ± 0.10 d 0.336 ± 0.16 f 0.351 ± 0.07 d,f
TD 0.135 ± 0.06 c 0.141 ± 0.09 c 0.211 ± 0.09 a 0.229 ± 0.08 a 0.295 ± 0.13 d 0.331 ± 0.08 d,f 0.350 ± 0.09 d,f
C 0.118 ± 0.15 e 0.114 ± 0.05 e 0.155 ± 0.09 c 0.184 ± 0.09 b 0.241 ± 0.08 a 0.294 ± 0.11 d 0.328 ± 0.11 d
ANOVA p-level
Time period 0.019
Treatment 0.048
Diameter class 0.001
Time period × Treatment 0.085
Time period × Diameter class 0.032
Treatment × Diameter class 0.021
Time period × Treatment × Diameter class 0.040
BT: all rings before thinning; TBT: ten rings before thinning; post thinning 2008 (ten rings—TPT1); post thinning 2017 (twenty rings—TPT2). Different letters show significant differences
among time periods and diameter classes.
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The Wilcoxon non-parametric test showed significant differences after thinning, for the YWW
between trees of the control area and damaged trees of the thinned area (p-level 0.008). Similar results
were obtained for trees of the control area and undamaged trees of the thinned area (p-level 0.006).
Furthermore, no statistically significant difference was exhibited after thinning between damaged and
undamaged trees of the thinned area (p-level 0.095).
Table 8. Non-linear regression analysis among ring width (dependent variable) and year (independent
variable), for damaged (TD) and undamaged (TU) trees and the trees from the control area (C).
Typologies Regression Results Parameters Values p-Level
TD
R = 0.929; R2 = 0.865; R2 adj = 0.862;
df(2,120); p < 0.001; Std. Err.: 0.057
Intercept 2223.65906 <0.001
year −2.21614 <0.001
year2 0.00055 <0.001
TU
R = 0.911; R2 = 0.829; R2 adj = 0.826;
df(2,120); p < 0.001; Std. Err.: 0.064
Intercept 2422.75717 <0.001
year −2.41617 <0.001
year2 0.00060 <0.001
C
R = 0.957; R2 = 0.916; R2 adj = 0.915;
df(2,120); p < 0.001; Std. Err.: 0.058
Intercept 1439.80071 <0.001
year −1.42622 <0.001
year2 0.00035 <0.001
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Figure 2. Polynomial regression of weighted yearly ring width (YWW) (i.e., the mean of yearly ring
width weighted on the basis of the frequency distribution of trees per each diameter class in 2017) from
‘70s to 2017. The non-linear regression analysis results are shown in Table 8.
Before thinning, no significant difference was found between the treatments (control, damaged,
and undamaged), both in the BT and TBT. After thinning, no significant differences of YWW were
found in the thinned area between the damaged and undamaged trees, while the control and thinned
area differed significantly, both for damaged (p-level 0.008) and undamaged (p-level 0.006) trees.
The non-metric multidimensional scaling (NMDS, Figure 3) of the average ring width per diameter
class for the 1998 to 2008 (TPT1) interval highlighted that the C area showed the lowest average ring
width, while TD and TU showed a slightly higher average ring width, mainly due to the higher DBH
classes. The NMDS of the average ring width per diameter class for C, TD, and TU, focusing on
the post thinning period 1998–2017 (TPT2-Figure 4), showed that C had a low average ring width
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in comparison with TU and TD, while TD with respect to TU showed a similar average ring width.
From Figures 3 and 4, the increasing difference over time is clearly visible, between C, and TU and TD.
Between TD and TU, no difference was shown over time, and they both showed a higher average ring
width of the higher DBH classes (>35 cm) than the trees of the control area.
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4. Discussion
This study is a prosecution of a previous one [21] carried out to obtain a long-term analysis of
some of the ecological and productive aspects related to thinning in a Pinus laricio Poiret stand in Italy.
It also takes into consideration the effects of logging damage and of thinning on stand growth 20 years
after the treatment, with an intermediate survey in the year 2008.
The decrease in the basal area recorded in the thinned area in 1998 and 2008 completely changed
its trend in 2017. In the same period, the average DBH and height in the treated area were greater than
in the control area. The effect of thinning was recorded on each dendrometric parameter as a general
rule. Thinning from below forced an increase in mean diameter, directly caused by the removal of
the trees with smaller diameters [36]. Ten years after thinning, only a light growing stock increase
was shown with respect to the control area. Twenty year later, thinning increased the growing stock
significantly. In thinned stands, the tree to tree competition was reduced. The resource redistribution to
a lesser number of trees had consequences on the diametric increase of the residual trees, affecting the
growing stock [37–39]. The reductions in stand density through thinning had no effect on tree height.
As other authors have observed, height growth was less reactive to thinning than diameter [37,40–42].
Twenty years after the thinning, the height of the thinned area and the control showed no statistically
significant differences, probably due to the high natural fertility of the site. As demonstrated by some
authors, species with higher values of height are associated with the greatest resource availability due
to high metabolic demands and biomass accumulation [43,44].
Thinning modified both the stand density and the tree shape. Immediately after thinning, only
a slightly lower slenderness ratio was obtained (Table 1), similar to that before thinning, showing a
stand stability improvement, but again was very low [34].
Ten years after thinning, the ratio value decreased, suggesting a higher stand stability in
comparison to the untreated area. In 2017, this trend was confirmed with a further decrease of
the ratio value in comparison to an increase in the untreated area. The slenderness ratio in the thinned
area was lower than that found for black pine in central Italy by [45]. The increased tree stability was
due to the greater average DBH in the thinned stand rather than height. The age of these stands was
the same. The thinning favored larger spaces for the trees, lowering the competition, allowing an
increase in diameter both for the technical treatment (thinning from below), and for better allocation of
resources. Reference [46] observed that denser stands were more vulnerable to stem breakage due to
the high slenderness ratio. The improvement in stability progressed over time after thinning, involving
not only the diameter increase, but also the development of the crown.
Only multiple damage led to tree death. Damage to the roots cannot be excluded, as detection
is difficult, and may have been the cause of death. However, mortality was mainly caused by wind
or snow-throw as no effective presence or evidence that showed causes directly associated with
logging wound or operations was detected. The stand achieved better stability in the thinned area.
The thinning from below seemed to favor the stand stability in cases of snowfall or wind storm, as
by removing the less stable trees, the “domino effect” was avoided [47]. The damaged tree rate was
similar to that found in other studies on logging damage in the thinning of conifer stands [25,48]. It is
interesting to note that the DBH of the damaged trees was significantly higher than the undamaged
trees, but only in the first 10 years of the survey.
Lightly damaged trees in 1998 were classified as severely damaged 10 years later, showing a
worsening condition that was unchanged in the following period. Moreover, some trees that were
classified as undamaged in 1998 were classified as severely damaged in 2017, as non-evident injuries
occurred over time [21]. This evidence was apparently conflicting as some trees were impacted during
logging operations, but this event did not give rise to injuries or to scrapes on bark. Only sometime
after the thinning were undetectable injuries recognized [49].
As shown in [21], the extraction was the main damage agent, as evidenced by the applied equipment
(skidding) and logging system (tree length system). In fact, ground-based extraction methods, if not
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supported by adequate technologies and planning, cause higher damage than aerial-based methods (i.e.,
cable yarder) [24,35,48,50], and the shorter the logs, the lower the damage [51,52].
As found from the analysis up to 2017, no wound was completely healed, while partially healed
wounds comprised about 30% of the damaged trees. As found by [27], the wound healing rate is
influenced by tree species, tree growth and vigor, and wound characteristics. The authors in [25]
suggested a 25–50 year healing period for a 10 cm wide wound in Norway spruce. Reference [53]
indicated a 15-year period for the complete healing of <60 cm2 wounds in Sitka spruce. The commercial
value of these pine plantations is not the main objective today, but pinewood has a role in ecosystem
services such as soil protection, landscape, and social services. However, injuries can affect the potential
forest efficiency. Diseases and insect infestations may afflict trees in an unhealthy physiological
condition. Logging injuries to the roots or at the lower part of the bole are easy access points for
biological attacks [27,54–56], and in our case, death causing agents.
This result suggests that logging damage does not affect the radial growth of P. laricio over time,
at least up to 40 years of age. However, some species seems to be more susceptible to logging damage.
In Norway spruce, a growth reduction of about 10–30% was observed [57–59], even in height. Scots
pine suffered a mean diameter increment reduction of 12.3% [60]. In lime trees, diameter growth was
dramatically affected by wounds, decreasing as much as 43%, thus increasing injury severity [61].
In Alder, wounds significantly reduced diameter growth [62]. Other authors have highlighted the
lack of difference in damaged or undamaged trees. Reference [63] underlined that ponderosa and
lodgepole pine, three years after artificial wounding, showed higher healing rates in the thinned area,
but no significant difference in diameter growth was observed between trees in the thinned and control
areas. They observed that no decay occurred in wounded pine, while it frequently occurred in grand
fir. On Pinus pinaster trees, scarred by debris transported during flash floods, [64] noticed that ring
widths of the disturbed trees decreased dramatically near the injuries, but on the opposite site, ring
widths were not significantly different.
Damage to roots is difficult to detect since soil modification can be arduous to quantify in relation
to single trees. Root injuries can reduce the radial and height increment of Norway spruce more than
stem injuries [59].
However, there are many factors that may explain the difference between our results and those of
most of the other previous studies. First of all, the species and geographic area, the Mediterranean
area in our study, and North-Europe in most of the other studies, may affect the results. In a recent
study on Norway spruce and Scots pine, [32] did not find any relation between artificial damage and
radial, height, or volume increment.
All treatments (damaged, undamaged, and control trees) showed a reduction over time of average
ring width, in the periods BT and TPT1. However, the different trend in the yearly average ring width
(YWW) after thinning highlighted that at the stand level, the growth was higher in the thinned area
than in the control area. The delay of about seven years in the growth response after thinning was also
found by other authors [19,20] and corresponded to a short-term decline in the growth of remaining
trees, called “thinning shock”. After this phenomenon, a clear recovery of growth started.
5. Conclusions
The results of the first step of this investigation [21] suggested that more specific studies on this
topic were needed, as well as an effective assessment of logging damage to be made over long time
periods. In this study, logging damage was monitored and the effects of thinning on stand growth
were evaluated in the 20 years after the treatment.
These analyses were done for a better comprehension of the ecological and productive aspects due
to the management of pine forests, in a Pinus laricio Poiret stand in Central Italy. In detail, the aims were:
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• to assess the stand dynamics in relation to the injury levels and the treatment applied in a
twenty-year range: in about twenty years after the treatment, the stand dynamics showed
a complete recovery, and associated implementations, of growth and stability characteristics,
independent from the logging injury;
• to evaluate the effect of damage on the radial growth of trees: the results found suggested that
logging damage did not affect the radial growth of P. laricio over time;
• to try to understand a possible treatment return time and evaluate the existence of the “thinning
shock” situation: in consideration of what was found, a second treatment seemed to be sustainable
starting from the fifteenth year after the previous treatment. Regarding thinning shock, this can
be clearly evaluated in the tree ring width in the first six to seven years after the treatment.
The findings are key factors in the ecological management of Corsican pine forest located in
the Mediterranean area and an important reading vital to supporting the decision making of forest
managers. In addition, from this case study, some suggestions are proposed to reduce the impact during
logging in the thinning of pine stands: (i) promote environmentally responsible and locally acceptable
forest mechanization levels; (ii) invest in workforce training that improves not only operational
skills, but also an awareness of ecological and environmental issues; (iii) the selection of an adequate
timber extraction system during silvicultural planning; (iv) pursue detailed operational planning to
reduce potential negative impacts and improve their economic efficiency and safety; and (v) make a
multitasking plan based on a close dialogue between sustainable forest management and sustainable
forest operations.
Furthermore, for proper ecological management, as well as for an active forest management of
pine forests, pragmatic harvesting guidelines and best management practices will be needed. This
approach could minimize negative impacts related to active management practices.
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